The metabolism of glucose and fructose was studied in resting succinate-grown cells of Acetobacter xylinum. From fructose only cellulose and CO2 were formed by the cells, whereas from glucose, gluconate was formed much more rapidly than these two products. The molar ratio of sugar converted into cellulose to sugar converted into CO2 was significantly greater than unity for both hexoses. The pattern of label retention in the cellulose formed by the cells from specifically '4C-labelled glucose, fructose or gluconate corresponded to that of hexose phosphate in a pentose cycle. On the other hand, the isotopic configuration of cellulose arising from variously singly 14C-labelled pyruvate did not agree with the operation of a pentose cycle on gluconeogenic hexose phosphate. Readily oxidizable tricarboxylic acid-cycle intermediates such as acetate, pyruvate or succinate promoted cellulose synthesis from fructose and gluconate although retarding their oxidation to CO2. The incorporation into cellulose of C-1 of fructose was greatly increased in the presence of these non-sugar substrates, although its oxidation to CO2 was greatly diminished. It is suggested that the flow of hexose phosphate carbon towards cellulose or through the pentose cycle in A. xylinum is regulated by an energy-linked control mechanism.
Hexose phosphate is a common intermediate in Acetobacter xylinum of cellulose synthesis and the oxidative dissimilation of carbohydrate via the pentose phosphate and tricarboxylic acid cycles Gromet et al., 1957) . Hexose phosphate arises in this organism directly by phosphorylation of exogenous hexose (Benziman & Rivetz, 1972) , and indirectly via the pentose phosphate cycle and the gluconeogenic pathway (Benziman & Eizen, 1971; Benziman & Burger-Rachamimov, 1962) . A. xylinum was found to possess distinctNADand NADP-specific glucose 6-phosphate dehydrogenases (Benziman & Mazover, 1973) . The inhibition by ATP of the NAD-linked dehydrogenase suggests that modulation of this enzymic activity is a key regulatory process for controlling carbohydrate metabolism at the hexose phosphate branch point.
In the present study the pattern ofhexose phosphate utilization by A. xylinum resting cells under various physiological conditions was investigated. The results obtained suggest that in vivo the flow of hexose phosphate carbon through the pentose cycle or towards cellulose synthesis is regulated by an energylinked control mechanism. A preliminary report of this work has been published (Weinhouse & Benziman, 1971) . Vol . 138
Materials and Methods Cells
The cellulose-synthesizing strain of A. xylinum was the same as that employed in earlier investigations reported from this laboratory (Schramm & Hestrin, 1954) . The culture medium prepared with glassdistilled water was as follows: succinic acid, 2% (w/v); yeast extract (Difco Laboratories, Detroit, Mich., U.S.A.), 0.5 % (w/v); Bacto peptone (Difco), 0.5 % (w/v) and monopotassium phosphate, 0.3 % (w/v). The final pH was adjusted to 4.0 with NaOH. Cells were grown at 30°C under static conditions and harvested after 24h as previously described (Benziman, 1969 
Analytical methods
Cellulose samples were freed from protein by treatment with 2M-KOH for 5min at 100°C, washed repeatedly and then dried. Protein-free samples were acetolysed and hydrolysed and the released glucose was determined by the use of a phenol-H2SO4 reagent as described previously (Benziman & Burger-Rachamimov, 1962) . Trapped CO2 was determined manometrically (Umbreit et al., 1957) . Radioactivity was assayed in a Packard Tri-Carb scintillation counter. 14C-labelled material was counted in 10ml of Bray's (1960) (Bergmeyer & Bernt, 1963) . Fructose was assayed colorimetrically by the method of Roe et al. (1949) or enzymically (Klotzch & Bergmeyer, 1963 (Hers et al., 1954) . A sealed ampoule containing a 2.5% (w/v) solution of [1-14C] glucose in 0.2M-sodium phosphate buffer, pH7.5, was heated in a boiling-water bath for 3h. The fructose formed was completely separated from glucose and mannose by high-voltage paper electrophoresis in 0.8M-sodium borate buffer, pH6.0, on Whatman no. 3 filter paper at 24V/cm for 3.5h. Strips containing fructose were cut and repeatedly eluted with hot water in the presence of unlabelled fructose carrier. The eluates were evapored to dryness in a Rinco-flash evaporator. Methanol was added and the solution was evaporated at 40°C under reduced pressure to remove the borate. Methanol distillation was repeated five times. The residual material was then dissolved in water. It was checked chromatographically and electrophoretically and was found to be free from glucose and mannose.
Results

Products ofthe metabolism ofglucose andfructose
Glucose utilization by resting succinate-grown cells of A. xylinum was accompanied by the formation ofgluconate, cellulose and CO2. Gluconate accounted for more than 90% of the glucose utilized. With fructose as substrate, cellulose and CO2 were the only products detected (Table 1) . Although the rate of cellulose formation from fructose was somewhat lower than that from glucose, the molar ratio of cellulose formed to sugar oxidized to CO2 was approximately the same for the two hexoses at any of the concentrations tested. As seen from Table 1 , there was an excellent agreement between the with those that would have been expected had the hexose phosphate formed from pyruvate been cycled in the pentosecycle before itsconversion into cellulose. As shown previously (Benziman & BurgerRachamimov, 1962 ) most of the labelling of the cellulose monomer formed from [3-1"C]pyruvate and [2-"4C]pyruvate is shared equally by the pairs C-1, C-6 and C-2, C-5 respectively. Thus with the operation ofa pentose cycle the cellulose formed from [3-"'C]pyruvate should have a much lower specific radioactivity than the cellulose formed from [2-"C]-pyruvate. The data obtained here, however, do not agree with such a prediction.
Effect of tricarboxylic acid-cycle intermediates on the pattern ofsugar metabolism A. xylinum cells readily oxidized succinate, pyruvate and acetate to C02, and synthesized cellulose from succinate and pyruvate when these were present at relatively high concentrations. To test the effect of such compounds on the flow of hexose phosphate carbon towards cellulose or towards oxidation via the pentose cycle, cells were incubated with either U-1"C-or 1-"4C-labelled fructose and unlabelled succinate, pyruvate or acetate, or alternatively with 'IC-labelled succinate, pyruvate or acetate and unlabelled fructose. The incorporation of "'C from [1-1"C]fructose into cellulose was taken as a measure of cellulose formation from non-cycled hexose phosphate derived from exogenous hexose. On the other hand, hexose phosphate entry into the pentose cycle was characterized by "CO2 production from cells utilizing [1-14C] fructose. Fructose was chosen as the sugar substrate in these experiments, because it does not appear to be subject to a direct oxidation, whereas glucose is rapidly oxidized to gluconate which in turn gives rise to cellulose. Consequently the bulk of glucose carbon is introduced into the hexose phosphate pool via a pentose cycle operating on gluconate.
When 40mM-pyruvate was added to fructose, both the total mass of cellulose formed and the percentage of fructose incorporated into cellulose increased. As shown by the chemical and radioisotopic data of The effect of readily oxidizable substrates which afford very little cellulose is shown in Table 4 . The addition of 40mM-acetate or 10mM-pyruvate to fructose increased the yield of cellulose by factors of 1.4 and 2.6 respectively. The radioisotopic data indicate clearly that cellulose carbon was derived almost exclusively from fructose. Thus the specific radioactivity of the cellulose carbon was 96% that of added '4C-labelled fructose and only a minor fraction of 14C-labelled acetate or pyruvate appeared in the cellulose. Some 80-90 % of the fructose utilized in the presence of acetate or pyruvate could be accounted for as cellulose, compared with 55 % in the absence of these compounds, the remaining fructose being oxidized to CO2. The incorporation of C-1 of fructose into cellulose was increased by factors of 2.7 and 5.6 respectively in the presence of acetate or pyruvate, the specific radioactivity of the monomer increasing thereby from 44% to 90% of that of the substrate [1-'4C]fructose. The conversion of C-1 into CO2 decreased by 60% in both supplemented systems. of cellulose formed to substrate oxidized to CO2 was, however, considerably smaller for gluconate than for the sugars. When pyruvate (40mM) was added to gluconate (40mM), the amount of cellulose formed was only slightly greater than the sum of the amounts formed separately from these substrates ( Table 5 ). The radioisotopic distribution data, however, show that addition of pyruvate caused a 2-fold increase in gluconate incorporation into cellulose, concomitant with a 40% decrease in gluconate oxidation to CO2. On the other hand, pyruvate incorporation into cellulose was diminished by 50 % in the presence of gluconate, whereas its conversion into CO2 was unaffected. Hexose phosphate formation from gluconate by way of a pentose cycle involves the oxidative decarboxylation of 6-phosphogluconate as a primary step. As seen from the data of Table 5 , the output of CO2 from gluconate Cl was not altered by the presence of pyruvate. On the other hand, the complete oxidation to CO2 of subsequently formed hexose phosphate appears to have been suppressed, in the presence of pyruvate, by almost 60%. This was calculated from the total amount of "CO2 evolved from (U-'4C]-gluconate, corrected for the "4CO2 evolved from [1-14C] The pattern of label retention observed in the cellulose formed from specifically 'IC-labelled substrates (Table 2) indicates that the metabolism of gluconate proceeds exclusively via pentose phosphates (Schramm et al., , 1958 , the metabolism of glucose and fructose does so to a large extent, whereas gluconeogenic substrates are not metabolized via pentose phosphates at all.
From the chemical and radioisotopic data of Tables 3 and 4 it is evident that acetate, pyruvate or succinate promote cellulose synthesis from fructose, while at the same time they retard fructose oxidation to CO2. The data on the distribution of 14C, introduced as [1-_4C]fructose, strongly suggest that hexose metabolism via pentose phosphates is suppressed in the presence of the above-mentioned readilyoxidizable non-sugar substrates. This is also suggested by the effect of pyruvate on the pattern of gluconate oxidation (Table 5) .
Regulation of the conversion of hexose phosphate into pentose phosphates may be related to the sensitivity to inhibition by ATP of the NAD-linked glucose 6-phosphate dehydrogenase of A. xylinum (Benziman & Mazover, 1973) . Generation of ATP brought about by the rapid oxidation of non-sugar substrates in the tricarboxylic acid cycle (Benziman & Levy, 1966) might be sufficient to inhibit this dehydrogenase and thereby restrict the subsequent influx of carbon into the pentose phosphate pathway.
Such regulation may be important physiologically for cells growing on tricarboxylic acid-cycle intermediates when hexose phosphate is produced via gluconeogenesis (Benziman & Eizen, 1971 ). An uncontrolled oxidation of such hexose phosphate would restrict its availability for cellulose biosynthesis, which is essential for the growth of A. xylinum under static conditions (Schramm & Hestrin, 1954) .
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